Abstract: Utilization of lipids-free waxy starch by distillery yeasts in fuel ethanol production can contribute to better management of renewable resources, like cereals, especially maize Zea mays L. But the efficient conversion of starch into glucose-rich fermentable substrate, and subsequently to ethanol, needs more research on hydrolysis and fermentation conditions. The aim of this study was to evaluate the lack of natural corn grain lipids on the process of simultaneous saccharification and fermentation using chemometric techniques of designed experiments, commercial enzymatic preparations and distillery yeasts Saccharomyces cerevisiae CCY-11-3. Based on the results and statistical software support we can conclude that extraction of lipids from corn grains did not lead to statistically significant increase or decrease of glucose concentration in starch hydrolysis. The ethanol concentration in fermentation mash according to analysis was not statistically significantly affected by lipids extraction. The separated lipids could serve as a source of very valuable corn oil.
Introduction
In several last years it has been become clear that usual ways of liquid biofuels production from cereals need some kind of upgrade targeted to better utilization of such valuable substrate. The most powerful tools for improvements cover techniques of cell and molecular biology, breeding, chemometric optimization of all production steps, fractionation of cereal grain and responsible management of water and energy inputs and outputs. In the area of breeding and molecular biology, the production of plants with certain and distinct properties looks very interesting, for example the production of amylose-free (waxy) cereals.
The waxy locus of Zea mays L. has been genetically and biochemically well characterized (Nelson 1968; Echt & Schwartz 1981) . Compared with rice, higher level of genetic variation was observed in maize waxy locus. The differences in the flanking regions were even more complicated (Okagaki & Wessler1988) . The coding region of waxy gene comprises 3,718 bp. It is composed of 14 exons, ranging in size from 64 to 392 bp, and 13 introns of 81 to 139 bp. The exons and promoter region of waxy locus of Zea mays L. were G/C rich (average 60%) (Whit et al. 2002; Zhao et al. 2008) . The deeper knowledge about the molecular and genetic core of waxy locus can be found in the review by Huang et al. (2010) . Waxy starches are readily damaged by milling, rendering them more vulnerable to amylolysis (Tester & Morrison 1994) .
In terms of chemical composition of corn grain it is possible to separate starch, protein, lipids and nonstarchy polysaccharide fractions. After suitable treatment, all fractions could serve as a source of valuable compounds. Lipids are one of the major sources for the provision of fatty acids and energy in human nutrition. Corn lipids are stored mainly in germ (about 85% of all lipids). The rest is dispersed in endosperm and hull fractions and is generally utilized in feed products. The oil extracted from corn fibre is of special interest due to its cholesterol-lowering effect (Ostlund et al. 2002) . This effect is based on the free phytosterols, phytosterol fatty acid esters, and ferulate phytosterol esters content (Kálman & Réczey 2007) . Corn oil contains mainly polyunsaturated fatty acids -linoleic and linolenic one -that help to regulate cholesterol content in blood and also blood pressure. The linoleic acid constitutes up to 60% of all fatty acids (O'Brien 2009). The corn oil consumption in non-food industry is very low. Small portions are used to resin, plastics, lubricants and other industrial oils. Also small portions of high-purity corn oil are used in pharmaceutical industry. Beside the corn oil, it is possible to use some co-products of cornoil finalization, especially neutralized free fatty acids, lecithin, small volumes of phytosterols and waxes. The extraction of corn lipids and their processing to suitable products can thus lead to income increase of fuel ethanol plants.
All the above-mentioned grain fractions are taking part in dry-milling based distilleries. According to available information this way of cereal processing leads to higher ethanol yield in comparison with wet-mill based
distilleries where the separation of these fractions is a part of grain pre-processing. But there is no evidence that the lower ethanol yield is caused by the lack of these fractions. In fact, the main reason is due to retaining the starch on the separate outer pericarp tissue. This offers the opportunity to separate all or part of the chosen fraction. As mentioned above, the lipids are very interesting in human health prevention and their removal can also helps the ethanol producers to gain a better plant managing. But for the separation of lipids from corn meal, it is necessary to extract the lipids with organic solvents, like n-hexan, or more sophisticated ways like aqueous enzymatic oil extraction (Dickey et al. 2010) or supercritical fluid extraction (Lopes & Bernardo-Gil 2005) .
The aim of the present study was to find out whether the decreasing of natural corn lipid content affect the fermentation production of ethanol by distillery yeast strain Saccharomyces cerevisiae CCY-11-3.
Material and methods

Corn groats
The waxy-corn grains were obtained from the Agrodivízia Selice (Slovakia) and harvested in 2008. The grains were milled by the centrifugal mill in the Plant Production Research Center, Piešťany, Slovakia. The chemical composition of corn groats was as follows: 11.3 ± 0.1% (w/w) moisture, 74.4 ± 0.3% starch, 1.4 ± 0.2% amylose, 10.2 ± 0.4 % proteins, and 4.3 ± 0.1% lipids.
Enzymes
Termamyl 120L is a liquid enzyme preparation containing termostable α-amylase (EC 3.2.1.1) produced by genetically modified strain of Bacillus licheniformis. Promozyme D2 (EC 3.2.1.41) contains a thermostable pullulanase produced by a genetically modified strain of Bacillus licheniformis. AMG 300L contains glucoamylase (EC 3.2.1.3) produced by submerged fermentation of Aspergillus niger.
Microorganisms and culture conditions
Yeast strain Saccharomyces cerevisiae CCY-11-3 was maintained at 4
• C on the wort agar. Inoculation medium contained (g/L): glucose (10), (NH4)2SO4 (5), yeast autolysate (3), KH2PO4 (2), MgSO4 · 7H2O (1), CaCl2 (0.1) and NaCl (0.1); pH = 4.5. One hundred mL of sterilized inoculation medium was inoculated with two wire loops and cultivated for 24 hours at 30
• C on a shaker (170 rpm). Propagation medium contained (g/L): glucose (50), yeast autolysate (5), peptone (10); pH = 4.5. One hundred mL of sterilized propagation medium was inoculated with 5 mL of inoculation medium and cultivated for 24 hours at 30
• C at a shaker (170 rpm).
Fermentation medium
Fermentation medium contained the carbon source in the form of partly saccharified corn hydrolysate and anorganic and organic sources (g/L) of nitrogen -(NH4)2SO4 (5), phosphorus and potassium -KH2PO4 (2) and K2HPO4 (2), sodium, calcium and chlorine -CaCl2 (0.5) and NaCl (0.5). The initial pH was set on 5.0. One hundred mL of hydrolysate was inoculated with 5 mL of yeast-containing medium. 
Lipids extraction
Extraction of lipids into hexane was performed using the Soxhlet method. Because the corn groats moisture content exceeded the 10% value only slightly, no pre-drying was done. The extraction lasted 90 minutes to make it complete. The complete extraction of lipids from groats was confirmed by achieving the value measured by Fourier transform nearinfrared spectroscopy (Thermo-Nicolet, type Antaris).
Simultaneous saccharification and fermentation
The experimental intention was divided into four necessary steps: (i) starch gelatinization; (ii) liquefaction of gelatinized slurry; (iii) pre-sacharification; and (iv) simultaneous saccharification and fermentation. The whole scheme of the intention including the lipids extraction is depicted in Figure 1 .
Analytical methods
For analysis of groats composition, the following approaches and methods were used: Ewers determination of starch; spectrophotometric determination of amylose; moisture determined by drying to constant weight; proteins and lipids content determined by Fourier transform near-infrared spectroscopy. Suspensions and solutions were analyzed using spectrophotometric determination of glucose and ethanol.
Statistical analysis
The experimental plan was generated by the Response Surface Method module of the Statgraphics Centurion XV. The a Factor A = lipid extraction time (min); Factor B = presaccharification (min); Factor C = enzyme dosage (mL/kg starch).
data of ethanol concentrations and glucose concentration after pre-saccharification were analyzed using the Analysis of variance (ANOVA). The analysis was performed also using Statgraphics Centurion XV.
Results and discussion
All parts of corn grain, besides the starch, could participate in ineffective binding of amylolytic enzymes and thus prolong the hydrolysis time or increase the enzyme consumption. But some of these parts could be necessary for the upcoming processes, such as fermentation.
In the case of molasses as a glucose source, the addition of appropriate lipids to the fermentation medium offers a considerable advantage to ethanol production on a large scale and in stirred fermentations, lipids can equally act as effective anti-foam (Oderinde et al. 1990 ).
The presence of unsaturated fatty acids and sterols in the yeast cell membrane is very important in determining tolerance to ethanol and supplementation of fermentation broths with membrane lipids will enhance cells tolerance to ethanol (Walker 1998) . The corn lipids contain such compounds, so their removing could negatively affect the fermentation. To find such a correlation, the response surface method could be applied. Its use in a laboratory optimization is well documented in the published literature. In the field of ethanol fermentation the great attention is paid to setting the temperature, pH, time and enzyme dosage (Ratnam et al. 2003; Kunamneni & Singh 2005; Wu et al. 2005; Rathore et al. 2009; Manikandan & Viruthagari 2010) .
In the present study we focused on the contribution of lipids, pre-saccharification time and enzyme dosage on simultaneous saccharification and fermentation. The three-level factorial design with 27 runs was used. For statistical calculations, the variables were defined as follows: lipids extraction time -A, pre-saccharification -B, and enzyme dosage -C. Both dependent and independent variables are listed in Table 1 .
The second-degree polynomials (Equation 1) were calculated to estimate the response of the dependent variable: (Table 2 ) the following second-order polynomial equation giving the glucose concentration after pre-saccharification as a function of lipids extraction (A, min), pre-saccharification time (B, min) and enzyme dosage (C, mL/kg) was obtained:
The predicted production of glucose after pre-saccharification using the above equation is given in Table 2 along with the experimental value, residuals and experimental design matrix.
The corresponding analysis of variance (ANOVA) is presented in Table 3 . The significance of each coefficient was determined by Student's t-test. The smaller p-value, the more significant is the corresponding coefficient.
If the lipids are considered, two terms have to be taken into account. The first one, the starch-lipids, refers to the lipids bound into starch polymer structure. Starch lipids are of importance since they can form complexes with this polymer and make a significant contribution to the behavioural characteristics (Dziedzic & Kearsley 1995) . Lipids (mono-, di-, and triacylglycerols) affect starch gelatinization since the fats complexes with amylose retard the swelling of granules. To avoid retrogradation in starch-related products, waxy starches can be used (Bryksa & Yada 2009 ). Although the waxy starch structure does not contain the amylose molecules in natural amount, the possibility of formation of lipid complexes with amylopectin is discussed (Huang & White 1993; Villwock et al. 1999; Nakazawa & Wang 2004) . The waxy corn starches have a higher peak viscosity and lower breakdown viscosity compared to the normal corn starches. The higher peak viscosity is related to the absence of amylose-lipid complexes because these starches possess negligible amylose content (Sandhu et al. 2007 ). The second term, the germ lipids, refers to the lipids stored in a specific part of corn grain. Typical dry-mill process produces corn oil from germ without any other part of grain. On the other side, the lipids extraction from grinded corn grains offers the opportunity to remove also a part of starch lipids. The obtained results, however, indicate that the extraction of the corn meal lipids by n-hexan did not affect the starch lipids. Although the content of glucose after pre-saccharification rose with the extraction of lipids (Fig. 2) , at the level of p < 0.001 neither positive, nor negative correlation was verified. Only the main features of the starch hydrolysis (time of hydrolysis and enzyme dosage) correlated at this level with glucose concentration as evident from their respective p-values.
The response surface contour plot is depicted in Figure 2 as a function of two factors (lipids extraction time and enzyme dosage) and the third factor (presaccharification time), holding at the fixed level.
The influence of tested independent variables on the ethanol concentration has also been examined. For estimation of the response the Equation 1 was used again. The equation of the fitted model for independent variable ethanol concentration is as follows:
The predicted production of ethanol using the above equation is given in Table 4 along with experimental value, residuals and experimental design matrix.
The corresponding analysis of variance (ANOVA) a Factor A = lipid extraction time (min); Factor B = presaccharification (min); Factor C = enzyme dosage (mL/kg starch). is presented in Table 5 . The significance of each coefficient was determined by Student's t-test and p-values are listed in Table 5 . The response surface contour plot is depicted in Figure 3 as a function of two factors (pre-saccharification time and enzyme dosage) and the third factor (lipids extraction time), holding at the fixed level.
Based on the statistical analysis we found that neither lipids extraction, nor pre-saccharification time and enzyme dosage lead to the statistically significant increase of ethanol concentration. Such results indicate that removing the corn meal lipids did not statistically significantly affect the fermentation of the corn meal by Saccharomyces cerevisiae strain tested. Ponnampalam et al. (2004) used corn meal without 100% lipids and 74% fibre for fermentation and achieved 11% increase of ethanol production. In contrast to Murthy et al. (2006) , it was a positive correlation between these two variables. The different trend could be explained by the fact that in Murthy et al. (2006) study the substrate was degermed corn starch (after the wet milling process) without any other compounds that are present in whole corn mash. In our experiments, the lipid-less corn groats (after dry milling process) were used. The differences could also be explained by the profile of removed lipids, since the non-polar phytosterols (acyl esters, free, and ferulate esters) that are mainly removed by hexane extraction (Moreau et al. 2003) could not be the target compounds for affecting the ethanol fermentation by the tested yeast strain. Using of degermed corn starch in the fermentation production of acetone, butanol and ethanol (ABE fermentation) is also possible, but it is necessary to use the corn steep liquor as a supplement (Campos et al. 2002) and, in the case of a long-term continuous cultivation of Clostridium beijerinckii BA101 in a degermed corn-based medium, the instability of the gelatinized degermed corn starch was the main problem (Ezeji et al. 2007 ). The chosen variables significantly affect glucose formation rather than ethanol production.
